Liposomes were loaded by a dialysis technique with purified envelope glycopolypeptide, gp85, of the Friend murine leukaemia virus (F-MuLV). The gp85 liposomes prepared from cellular lipid had a buoyant density of 1-05 g/ml and an apparent diameter of 50 to 300 nm. The gp85 was not simply entrapped by liposomes nor adsorbed non-specifically to their outer surface. Experiments with radioactively labelled protein, electron microscopic examinations, protease treatment and concanavalin A binding showed that gp85 is anchored in the liposomal membrane and orientated asymmetrically as in the virus envelope. Moreover, gp85-covered liposomes displayed some functions of the intact F-MuLV envelope, such as absorption of antibodies to gp70 and haemagglutination after enzyme treatment. To some extent, these lipid vesicles appeared to be reconstituted F-MuLV envelopes and thus, by analogy to other systems, were named retrovirosomes.
INTRODUCTION
The envelope of the Friend murine leukaemia virus (F-MuLV), a typical retrovirus, consists of a lipid bilayer obtained from the cellular plasma membrane and a glycoprotein, gp85, coded for by the viral genome. The gp85 glycoprotein is a dimer of two polypeptide chains, gp70 and pl 5E, linked covalently or non-covalently. The covalently linked form of gp85 could be purified from F-MuLV by velocity sedimentation after detergent treatment of viral preparations (Schneider et al., 1979 (Schneider et al., , 1980 . F-MuLV gp85 is well characterized; recently, its complete primary structure was deduced by sequencing of the viral env gene (Koch et al., t983) .
Envelopes of several viruses have been reconstructed by loading virus glycoprotein onto artificial lipid vesicles named liposomes (Almeida et al., 1975; Helenius ei al., 1977; Huang et al., 1979) . These virosomes (Almeida ei al., 1975) have been used to study structural features (Helenius et al., 1977) , the mechanism of viral adsorption and penetration (Huang et al., 1980) , and the antiviral immune response (Loh et al., 1979; Morein et al., 1978; Koszinowski et al., 1980) . Certainly, virosomes would be useful for examining some aspects of the structurefunction relationship of retrovirus glycoproteins and could perhaps improve existing subunit vaccines (Hunsmann et al., , 1982 . Furthermore, MuLV glycoproteins have a highly variable structure which leads to distinct host range patterns in this group of viruses (McGrath & Weissmann, 1979) . In addition, they fuse cellular membranes (Zarling & Keshet, 1979) . These characteristics of retrovirus glycoproteins may make it possible to target virosomes to certain cells in the organism with high selectivity and efficiency.
Here we describe the construction of virosomes using purified F-MuLV envelope glycoprotein gp85 and some of their morphological and functional properties.
METHODS
Isolation ofF-MuLVgp85. Glycoprotein gp85 was isolated as rosettes from F-MuLV by detergent treatment and velocity sedimentation (Schneider et al., 1979 (Schneider et al., , 1980 . These gp85 aggregates could be dissociated with 0.1% 0022-1317/83/0000-5424 $02.00 © 1983 SGM lithium dodecyl sulphate (LIDS). The polypeptide constituents of gp85, gp70 and P15E were prepared by molecular sieve chromatography after reduction of gp85 (Schneider et at., 1980) . lodination ofpolypeptides. For measuring incorporation into and binding onto liposomes, gp85, gp70, bovine serum albumin (BSA; Behring Institute, Marburg, F.R.G.) and concanavalin A (Con A; Sigma) were labelled with 1251 by the chloramine T method (Greenwood et al., 1963) . To increase the specific activity of gp85 and pl 5E, the latter containing only one tyrosine (Koch et al., 1983) , they were substituted with N-succinimidyl 3-(4-hydroxy, [5-12sI] iodophenyl)propionate (Bolton & Hunter, 1973) . Protein domains associated with lipid membranes were labelled with [125I]iodonaphthylazide as described by Bercovici & Gitler (1978) .
Origin oflipids. Lipids were extracted from F-MuLV-producing FES cells with chloroform-methanol (Bligh & Dyer, 1959) and stored at -20 °C. For some virosomal preparations, a mixture of 80~ phosphatidylcholine type VE (Sigma) and 18~ cerebroside (Sigma) was used. All liposomes contained as a fluorescent marker 2~ dansyl cerebroside kindly provided by R. T. C. Huang, Giessen, F.R.G. (Huang et al., 1979) . Before use, lipid was dried under nitrogen and dissolved in phosphate-buffered saline (PBS), pH 7.2 containing 20~ fl-D-octylglucoside, kindly provided by Dr D. Linder, Giessen, F.R.G.
Formation of virosomes. To generate gp85 monomers, 0.25 mg of rosette protein (determined according to Hartree, 1972) was incubated for 30 min at 25 °C in 1 ml PBS containing 0.15~ LIDS. Then, 0.5 ml 20~ octylglucoside was added and the incubation was continued for 20 min. Thereafter, 1 mg lipid dissolved in PBS containing 20~ octylglucoside was added. The formation of lipid vesicles occurred during dialysis against PBS overnight (Helenius et aL, 1977) .
Flotation ofliposomes. After dialysis of liposomes, sucrose was added to a final concentration of 40~. Liposomes were overlaid in a cellulose nitrate tube with a 30 to 0~ sucrose gradient and then centrifuged at 41000 rev/min for 20 h at 4 °C (SW41, Beckman). Lipid vesicles were detected in the gradient by the fluorescence under u.v. light (420 nm) of dansyl cerebroside and recovered by puncture of the tube.
Electron microscopy. Floated liposomes were adsorbed to carbon-coated formvar grids hydrophilized by glow discharge (evaporation unit Micro-BA3; Balzers, Liechtenstein). Specimens were negatively stained with 2~ phosphotungstic acid (PTA), pH 7.2.
Protease digestion. After flotation, the sucrose contained in the liposome preparation was removed by dialysis. Liposomes were then digested (Helenius et al., 1977) for 1 h at 37 °C with 3 units thermolysin (Sigma) in 1.2 ml of Tris buffer (20 mM-Tris-HC1, 1 mM-CaCI2, pH 8.0). The reaction was stopped by adding EDTA in excess and then flotation of liposomes into the gradient. Proteins were precipitated from gradient fractions with ethanol. Precipitates were extracted twice with diethyl ether and analysed by electrophoresis on a 9 to 16 ~ polyacrylamide gel (PAGE; Laemmli, 1970) . Radioactive bands were visualized after exposure of the dried gel to an X-ray film (XOmatR, Kodak).
Binding of Con A. Floated liposomes were incubated for 30 rain at room temperature with chloramine Tiodinated Con A (Pharmacia) in PBS containing 0.5 mg BSA per ml. Unbound Con A was removed by sedimentation (twice; 40000 rev/min, 60 min, 4 °C) of liposomes. The radioactivity remaining in the pellet was compared between gp85-containing and protein-free liposomes.
RESULTS

Liposomes incorporate gp85
The first objective of our study was to show that liposomes specifically incorporated gp85. Therefore, lipid and gp85 were labelled by addition of dansyl cerebroside or iodination respectively. The gp85-containing liposomes and controls were floated in a sucrose gradient (Fig. 1 a) . The gp85 liposomes migrated to a density of 1.05 g/ml and unloaded liposomes to the top of the gradient. The radioactive gp85 comigrated with the lipid (Fig. 1 b) . Comparable results were obtained with lecithin as a lipid phase except that these liposomes were lighter (1.04 g/ml; Fig. 1 c) . Moreover, gp85 was bound effectively only when it was present during the formation of the liposomes.
Further experiments (Table 1) showed that 84~ of gp85 was liposome-bound. Its incorporation could only slightly be competed against by addition of unlabelled gp85. The affinity of p 15E for liposomes was also quite strong. The gp70 bound as effectively as pl 5E, but its binding was competed against by gp85. Interestingly, the association of BSA with liposomes was strongly competed against by unlabelled gp85. These results indicate a specific association between viral envelope polypeptides and the liposomes. * Glycoproteins gp85, gp70, and BSA were labelled by the chloramine T method; the BoRon-Hunter reagent was coupled to pl5E.
t Unlabelled gp85 was added (lipid/protein = 4/1) when indicated (+) prior to the formation of liposomes by dialysis.
:~ After flotation of the liposomes in a sucrose gradient, the fraction of liposome-bonnd 1251_labelled polypeptide was expressed as a percentage of the total radioactivity used for this experiment.
§ r~D, Not done.
Glycoprotein gp85 is orientated asymmetrically in the liposomal lipid membrane
First indications that gp85 was membrane-incorporated came from electron micrographs (Fig. 2) . While the surface of unloaded liposomes was smooth, it appeared rough on those liposomes formed in the presence of gp85. Sometimes, knob-like projections were visible. Thus, gp85 appeared to be membrane-associated.
To test whether this membrane-associated gp85 was orientated asymmetrically, p 15E in the m e m b r a n e and gp70 pointing to the outside as in the virus envelope, 125I-labelled gp85 liposomes were digested with thermolysin. A b o u t 2/3 of the label was accessible to the protease. Protease-treated liposomes were slightly lighter than untreated ones (Fig. 3 b, left panel) . When ~25I-labelled pl5E was incorporated into the liposomes only a minor fraction of the labelled protein was accessible to the protease (Fig. 3 b, right panel) . These results suggest that gp70 was digested preferentially and thus was exposed on the outer surface. Moreover, P A G E analysis of digested and undigested liposomes showed (Fig. 3 a) that the gp70 portion of gp85 was digested completely while pl5E was totally protected. P15E by itself was, however, sensitive to the ND~ ND * To demonstrate the specificity of Con A binding to gp85, PBS, unlabelled Con A (10 Ixg) or 0.1 M-C~-methylmannoside (~t-MM) was added to liposomes simultaneously with 125I-labelled Con A.
t Value without competing material was taken as 100~o. :~ ND, Not done. + ND~ * Haemagglutination (HA) was performed as described by Witter et al. (1973) . t Neuraminidase and phospbolipase. :~ ND, Not done.
protease. Therefore, all the gp70 pointed to the outside while p15E probably was protected by the lipid membrane.
gp85-1oaded liposomes display some functions of the virus envelope
The gp85-containing liposomes, like complete virus or purified envelope glycopolypeptides (Moennig et al., 1974) , specifically interacted with Con A. Binding was blocked by unlabelled Con A or ~-methylmannoside (Table 2) . Furthermore, gp85 liposomes, like virions, haemagglutinated after treatment with neuraminidase and phospholipase ( Table 3 ). The ability of gp85 liposomes to absorb cytotoxic antibodies from the gp70 antiserum was comparable to that of gp85 alone (not shown). This again indicated that all the gp70 was exposed to the surface and available for physiological interactions.
DISCUSSION
We have shown here that the envelope glycoprotein gp85 of F-MuLV can be incorporated into liposomal membranes. These reconstituted vesicles resemble virus envelopes morphologically, biochemically and functionally, and were named virosomes (Almeida et al., 1975) . By analogy with this, we suggest that liposomes loaded with retrovirus glycoprotein be referred to as retrovirosomes.
F-MuLV gp85 virosomes have a density of 1.04 to 1.05 g/ml (Fig. 1) depending on their lipid composition. This value is comparable to that of other virosomal preparations (Helenius et al., 1977) . Glycoprotein gp85 and its constituents, pl5E and, more loosely, gp70 are specifically incorporated into liposomes (Table 1, Fig. 1 ). That the virus polypeptides are not just adsorbed on or entrapped in the lipid vesicles was shown by protease treatment (Fig. 3) . While gp70 is completely digested, pl 5E is totally protected against thermolysin. Additional experiments with a membrane-specific protein labelling reagent ([125i] iodonaphthylazide) showed that p 15E was indeed membrane-embedded (not shown). This protein carries three long hydrophobic domains Capable of spanning the membrane (Koch et al., 1983) . Thus, on these virosomes as on the viral membrane, pl5E anchors gp70, all of which is orientated asymmetrically to the outer surface. Typical knob-like envelope projections (Nermut et al., 1972) , however, were not regularly detectable by the electron microscope. Glycoprotein gp85 appears to be clustered in the membrane more irregularly (Fig. 2) . Moreover, gp85 incorporated into the liposomal membrane retained some functional characteristics of the viral membrane. We tested for binding of Con A (Table 1) and gp70-specific antibody (Schneider et al., 1979; data not shown) as well as haemagglutination after enzyme treatment (Table 3) .
Virosomes have already been prepared with envelope polypeptides of other viruses. Influenza virosomes (Almeida et al., 1975; Huang et al., 1979) were used to study the mechanism of penetration (Huang et al., 1980) and to transfer the haemagglutinin, as a target for cellular cytotoxicity, to uninfected cells (Koszinowski et al., 1980) . Virosomes from Semliki Forest virus (Helenius et al., 1977) were shown to be a potent immunogen in vivo (Morein et al., 1978) . Virosomes into which, in addition to the vesicular stomatitis virus glycoprotein H-2, antigens were incorporated, could induce a cellular immune response to vesicular stomatitis virusinfected cells in vitro (Loh et al., 1979) . Since our preparation procedure can also be applied to isolate glycoproteins from other retroviruses (Schneider et al., 198 I ) similar experiments could be performed.
A fascinating aspect is the design of liposomes carrying drugs, differentiation factors, enzymes or even genes, to specific tissues in the body. However, targeting and the fusion efficiency are major problems at present. Retrovirosomes may help to overcome these difficulties.
